In this paper, a novel time-based modulation scheme is proposed in the time-asynchronous channel for diffusion-based molecular communication systems with drift. Based on this modulation scheme, we demonstrate that the sample variance of information molecules' arrival time approximately follows a noncentral chi-squared distribution. According to its conditional probability density function (PDF), the asynchronous receiver designs are deduced based on the maximum likelihood (ML) detection, with or without background noise in the channel environment. Since the proposed schemes can be applied to the case of transmitting multiple information molecules, simulation results reveal that the bit error ratio (BER) performance improves with the increase of the number of released information molecules per bit. Furthermore, when the background noise is not negligible, our proposed asynchronous scheme outperforms the asynchronous modulation techniques based on encoding information on the time between two consecutive release of information molecules.
In this paper, we focus on the timing molecular channel, where information is conveyed in the release time of molecules. In previous work, various detection schemes have been proposed for timing molecular channels. The work [15] showed that the probability density function (PDF) of information molecules' arrival time follows inverse Gaussian distribution in the channel with drift, and then the maximum likelihood (ML) detector is developed for the recovery of the transmitted information. In [16] [17] [18] , considering the high computational complexity of ML detectors, a new low-complexity detection algorithm based on the first arrival (FA) particle among all transmitted molecules was proposed. The authors demonstrated that the error probability performance of the FA detector is very close to that of the ML detector.
The above detectors are all based on an assumption that the clock measuring the arrival time of information molecules at the receiver is fully time-synchronized with the clock controlling the release time of information molecules at the transmitter. However, in molecular communications, many biological activities occur asynchronously with others in the same environment. In actual biological systems, time synchronization can be realized by engineered biological cells. For example, quorum sensing can be utilized to induce synchronization in limit-cycle oscillators [19] , genetic relaxation oscillators [20] and synthetic gene oscillators [21] . When it comes to deal with the issue of time synchronization from the aspect of modulation/demodulation schemes, previous work mainly focused on the following points.
Firstly, time synchronization in MC systems can be realized by adding training sequences. In [22] , a two-way message exchange mechanism was proposed, where the clock offset between the transmitter and the receiver is measured by maximum likelihood estimation. In [23] , a one-way time synchronization scheme is proposed to estimate the clock offset between the nanomachines of the transmitter and the receiver by Newton-Raphson method. However, adding training sequences to estimate the clock offset requires additional energy consumption of MC systems.
Secondly, using two types of information molecules in modulation schemes provides a feasible way for handling the issue of time synchronization in MC systems. In [24] , the binary molecule shift keying modulation (MoSK) scheme was employed, where bit-0 and bit-1 are mapping to a single molecule of type-a and type-b respectively. The receiver recovers information asynchronously according to the arrival order of information molecules instead of the arrival time. The MoSK scheme was also employed in [25] , while in which bit-0 and bit-1 are mapped to multiple molecules of type-a or type-b respectively. And information is recovered at the receiver based on an asynchronous detection algorithm which simply counts and compares the number of each type of molecules received. Furthermore, since each bit is represented by multiple molecules, this asynchronous scheme can work in the channel environment with background noise. In [26] , Molecular ARray-based COmmunication (MARCO) scheme was proposed, where information is encoded into the order of transmitted molecules: bit-0 is conveyed by emitting particle a and then particle b, while bit-1 is conveyed by emitting particle b and then particle a. At the receiver, the arrival order of these two particles is used to recover the information conveyed without any need of time synchronization. However, the above schemes employ two types of information molecules, which increases the complexity of the receiver because the reception has to identify the type of received molecules.
The work [27] , [28] proposed a new asynchronous modulation scheme, where information bit is encoded into the time interval between two released molecules. Furthermore, the conditional PDF of the arrival time interval between two molecules is deduced, based on which the maximum likelihood decision can be implemented asynchronously. In this scheme, however, since only two molecules per bit are used for modulation, the detection algorithm works effectively only if there is no background noise in the channel environment (i.e., all released information molecules can be absorbed by the receiver without degrading in the channel), which severely restricts the scope of applications in actual communication systems.
In this paper, a novel time-based modulation scheme is proposed by modifying the conventional pulse position modulation (PPM) [29] . According to the sample variance of information molecules' arrival time, the receiver recovers the information based on the maximum likelihood criterion. In the proposed modulation scheme, only one type of information molecules is employed in the MC system, which simplifies the complexity of the reception. The major contributions of this paper is that a novel modulation scheme and the corresponding asynchronous detection algorithm are proposed for time-asynchronous channel without the need of time synchronization or clock offset estimation. Furthermore, the proposed method is effective when the background noise in the channel environment is not negligible.
The remainder of this paper is organized as follows. Section II presents the physical model and the asynchronous channel model. In Section III, a novel time-based binary modulation scheme is proposed. The corresponding asynchronous detection algorithm is given in Section IV. The bit error ratio (BER) performance of the proposed scheme is theoretically analyzed in Section V. Numerical results are presented in Section VI. Finally, the conclusion is drawn in Section VII.
II. SYSTEM MODEL

A. Physical Model
In this paper, we consider an end-to-end model for molecular communication systems in a microfluidic medium [30] . Fig. 1 illustrates a diagram of the employed physical model, including a transmitter chamber (TC), microfluidic channel and a receiver chamber (RC).
1) Transmitter Chamber: The transmitter chamber conveys information by releasing molecules, including an information molecule generator [31] [32] [33] and a release controller with oscillators [34] .
• The information molecule generator inside the transmitter can synthesize information molecules such as hexoses [35] . • The release controller emits information molecules into channel environment. Since information is conveyed in the release time of molecules, oscillators are utilized to control the transmitting time of molecules in the release controller. 2) Microfluidic Channel: Information molecules propagate in the microfluidic medium with a positive drift velocity. Due to the interference of background noise, each information molecule may degrade in the channel environment with a probability, denoted as P d . The reaction of unimolecular degradation is utilized to describe the degradation of an information molecular (denoted by type I ) into a new type of molecule (denoted by ι) [36] . The unimolecular degradation can be modeled as
where k is the reaction rate. Actually, a first-order approximation is often employed to feature unimolecular degradation with the following equation when t > t 0 [37] :
where C(t 0 ) and C(t) are the concentration of information molecular at time t 0 and t respectively. 3) Receiver Chamber: After propagating in the channel environment, information molecules are absorbed by the receiver chamber which includes a reception with oscillators and a logical operation module.
• The reception in the receiver chamber can absorb information molecules, containing oscillators to record the arrival time of each information molecule. Since it is a time-asynchronous scheme, the clock in the release controller is unnecessary to be synchronized with the clock in the reception, which significantly reduces system complexity. • The logical operation module, which can be embedded on bio-nanomachines [38] [39] [40] , is used for information decoding. In [41] , logical NAND gates can be designed by mRNA in biological cells, which provides a basic building block for complexity logical operations because NAND gate has the property of functional completeness, i.e., any other logic function (e.g. NOT gate, AND gate, OR gate, etc.) can be implemented by the combination of NAND gates [42] .
B. Channel Model
In this paper, it is assumed that the transmitter and the receiver have their own clocks, between which there is an unknown clock offset, denoted as θ . Fig. 2 illustrates this time-asynchronous channel model, where X is the release time of the information molecule, T is the propagation time from the transmitter to the receiver and Y is the arrival time. Thus, this process can be modeled as
Since the medium has positive drift in the direction of the information propagation and the drift is the major mean of transport, many environments can be approximated as one-dimension channel such as the capillaries [43] or the microfluidic link between components in bio-chips [28] . The propagation time T is the first hitting time, following the inverse Gaussian (IG) distribution [44] :
where μ is the mean and λ is the shape parameter of IG distribution, d is the distance between the transmitter and the receiver, v is the drift velocity and D is the diffusion coefficient. In this case, the theoretical value of P d can be deduced as where F T (·) is the cumulative distribution function of the propagation time T . In IG distribution, the skewness, a measure of asymmetry, is given by
If vd D, then γ ≈ 0, which means the propagation time T approximately follows the normal distribution [45] :
where σ 2 is the variance of the normal distribution.
III. MODULATION SCHEME
In this section, a novel binary modulation scheme is proposed for time-asynchronous channel models.
In the conventional PPM scheme [29] illustrated in Fig. 3 (a), information is encoded in the release time of molecules, in which N molecules are simultaneously released at time X = 0 to convey information bit-0 or at time X = T e to convey information bit-1. When the PPM scheme is employed in a time-synchronous channel model, the receiver can recover the information effectively according to the arrival time of information molecules. However, in the a time-asynchronous channel model defined in (3), the conditional joint PDF of the arrival time of N molecules is given by
in which the conditional joint PDF of Y 1 , · · · , Y N given X = 0 is only a time shift of that given X = T e . Since the clock offset θ is unknown, the receiver can not recover the information in the conventional PPM scheme. To realize information recovery in the time-asynchronous channel, the modulation scheme needs to be modified to ensure that the difference between the conditional joint PDF of Y 1 , · · · , Y N in bit-0 and that in bit-1 is not just the time shift. Therefore, we modify the PPM scheme as illustrated in Fig. 3 (b) , where the release pattern for bit-0 and that for bit-1 are different: when bit-0 is conveyed, N 0 molecules are released at time X = 0 and N − N 0 molecules are released at time X = T e ; when bit-1 is conveyed, N 1 molecules are released at time X = 0 and N − N 1 molecules are released at time X = T e . The best selection of N 0 and N 1 (i.e., with the minimum error probability) is determined by the value of N, T e and channel parameters, which can be derived numerically. In the modified modulation scheme, the conditional joint PDF of the arrival time of N molecules is
and
for bit-0 and bit-1 respectively. From (9) and (10), it can be found that the conditional joint PDF of Y 1 , · · · , Y N in bit-0 is different from that in bit-1, which provides the possibility of asynchronous demodulation.
IV. RECEIVER DESIGNS
In this section, the receiver designs based on the sample variance of information molecules' arrival time for the proposed time-based binary modulation scheme are deduced in the time-asynchronous channel model.
A. Receiver Design When Background Noise is Negligible
When N information molecules are released at the transmitter and propagate in the channel environment, with the background noise being negligible (that means P d = 0), the release time of the i -th molecule, denoted as X i , is
for bit-0 and bit-1 respectively. Thus, the arrival time of each information molecule, denoted as Y 1 , Y 2 , · · · , Y N , is given by
where T 1 , T 2 , · · · , T N is the propagation time of information molecules, each of which has an independent and identically distributed (i.i.d.) normal distribution defined in (7) , that is
According to the statistical theory [46] , the sample variance of Y 1 , Y 2 , · · · , Y N is defined as
where
Theorem 1: When the information conveyed is bit-0, denoted as B = 0, the sampling distribution of S 2 defined in (15) is given by
where λ (N)
is the noncentral chi-squared distribution with N − 1 degrees of freedom and non-centrality parameter λ (N) N 0 . Proof: When (13) is plugged into (15), we can get that
where X and T are the means of X 1 , X 2 , · · · , X N and T 1 , T 2 , · · · , T N respectively. Thus,
wherein
Since T i (i = 1, 2, · · · , N) are independent and follows N μ, σ 2 , we can get that
where χ 2 N−1 is the chi-squared distribution with N −1 degrees of freedom.
Let V 1 , V 2 , · · · , V N are independent standard normal random variables. According to (21) , it can be written that
According to (22) , it can be written that
According to (19) , (24) and (23), we can get that
In (25) , according to the property of noncentral chi-squared distribution, it can be gotten that
According to (25) , (26) and (27), the sampling distribution of (N−1)S 2 σ 2 is given by
Thus, when the information conveyed is bit-0, (N−1)S 2 σ 2 follows the noncentral chi-squared distribution with N −1 degrees of freedom and non-centrality parameter λ (N)
Theorem 1 is proved.
According to the PDF of noncentral chi-squared distribution in [47] , the conditional PDF of (N−1)S 2 σ 2 , given B = 0, is
where I ν (y) is a modified Bessel function of the first kind given by
Similar to theorem 1, the following theorem can be gotten. Theorem 2: When the information conveyed is bit-1, denoted as B = 1, the sampling distribution of S 2 defined in (15) is given by
The conditional PDF of (N−1)S 2 σ 2 , given B = 1, is
The receiver observes N information molecules' arrival time Y 1 , Y 2 , · · · , Y N , calculates their sample variance S 2 according to (15) , and needs to giveB, an estimation of the conveyed information bit B. Given an observation (N−1)S 2 σ 2 = z, the maximum likelihood estimation of B, denoted asB M L , is given byB Fig. 4 gives an example of the conditional PDF of (N−1)S 2 σ 2 , where N = 4, T e = 0.1s, the channel environment is in capillaries and the channel parameters are set according to Table I in Section VI. In case I, the number of molecules released at time X = 0 is 4 and released at time X = T e is 0; in case II, the number of molecules released at time X = 0 is 2 and released at time X = T e is 2; in case III, the number of molecules released at time X = 0 is 0 and released at time X = T e is 4. In the conventional PPM, essentially, information bit-0 and bit-1 are modulated based on case I and case III. It can be found that the sample variance of information molecules' arrival time in these two cases follows the same sampling distribution, which results in the failure of demodulation in the time-asynchronous channel model. In the proposed modulation scheme, however, information bit-0 and bit-1 can be modulated based on case I and case II (or case II and case III). It can be found that the sample variance of information molecules' arrival time in these two cases follows different sampling distributions, which enables the information demodulated based on the sample variance of molecules' arrival time by maximum likelihood criterion in the time-asynchronous channel model. 
B. Receiver Design When Background Noise is Not Negligible
When the N information molecules propagate in the channel environment, with the background noise being not negligible (that means P d > 0), some of information molecules would degrade and the number of molecules absorbed at the receiver would be less than N.
At the receiver, we denote the number of information molecules absorbed by the receiver as M (M ≤ N) and their arrival time as
where Y (1:M) is the mean of Y 1 , Y 2 , · · · , Y M . Among these M molecules, the number of molecules released at time X = 0 is a random variable, denoted as K , then the number of molecules released at time X = T e is M − K . The random variable K follows hypergeometric distribution: when the information conveyed is bit-0, the probability mass function (pmf) of K is given by
where the support of random variable K , denoted as K 0 , is
when the information conveyed is bit-1, the pmf of K is given by
where the support of random variable K , denoted as K 1 , is
Based on (29) and (33), it can be analogously deduced that when M molecules are received, k of which are released at time X = 0 and M − k of which are released at time X = T e , the PDF of (M−1)S 2
According to (36) , (38) and (40), the conditional PDF of (42) and the conditional PDF of (M−1)S 2 σ 2 , given B = 1, is
The receiver observes M information molecules' arrival time Y 1 , Y 2 , · · · , Y M , calculates their sample variance S 2 according to (35) , and needs to giveB, an estimation of the information bit B. Given an observation (M−1)S 2 σ 2 = z, the maximum likelihood estimation of B, denoted asB M L , is given byB
V. PERFORMANCE ANALYSIS OF RECEIVER DESIGNS
In this section, the bit error ratio of receiver designs based on ML criterion in (34) (when background noise is negligible) and in (44) (when background noise is not negligible) are both theoretically analyzed in the time-asynchronous channel.
A. Performance Analysis of Receiver Design When Background Noise is Negligible
When N information molecules are released at the transmitter, without being degraded by background noise in the channel environment, according to (34) , the BER is given by
where p 0 and p 1 are the priori probability of B = 0 and B = 1 respectively, and Pr {i → j } is the probability ofB M L = j when B = i . Pr {0 → 1} and Pr {1 → 0} can be derived as
where f (N−1)S 2 σ 2
|B
(z|0) and f (N−1)S 2 σ 2 |B (z|0) are defined in (29) and (33) respectively, R 0 and R 1 are the integral interval, satisfying When (46) and (47) are plugged into (45) , the BER can be written as
(50)
B. Performance Analysis of Receiver Design When Background Noise is Not Negligible
When N information molecules are released at the transmitter and each of them vanishes in the channel environment with an equal probability P d independently, the number of molecules absorbed at the receiver M follows binomial distribution with the follows pmf:
Thus, the BER is given by (42) and (43) respectively, R 0 and R 1 are the integral interval, satisfying
VI. NUMERICAL RESULTS
In this section, the error probability performance of the proposed binary asynchronous receiver designs based on the sample variance of information molecules' arrival time in the time-asynchronous channel are discussed through numerical methods, compared with the previous asynchronous receiver designs in [27] , [28] .
In the simulations, the channel environment is in the capillaries with a positive drift velocity, and hexoses are employed as information molecules. The simulation parameters are set according to [35] , provided in Table I . We assume that information bits B have equal priori probability, that is, p 0 = p 1 = 1 2 ; in this case, the receiver design based on the ML decision rule is of the minimum error probability. In different number of information molecules per bit N, we choose the best values of N 0 and N 1 for simulations, which can be obtained by numerical methods, given in Appendix. The simulation results of bit error ratio are gotten based on Monte Carlo methods, and the corresponding theoretical values are calculated according to (50) and (52). Firstly, we investigate the case that information molecules propagate in the channel environment without being degraded by background noise. The BER performance of the proposed Asynchronous Detection based on Sample Variance (ADSV) is shown in Fig. 5 . It can be found that the numerical results agree with the theoretical analysis perfectly, and the BER performance is better with the increase of the number molecules released for each information bit, which demonstrates the feasibility of our proposed receiver designs.
In [27] , [28] , an asynchronous modulation scheme was proposed, where information is modulated on the time interval between two released molecules (two indistinguishable molecules or two distinguishable molecules) and the receiver demodulates the information according to the arrival time interval of these two molecules. In this scheme, when two indistinguishable molecules are employed, it would be equivalent to our proposed asynchronous scheme with N = 2. In Fig. 6 , the BER performance of the proposed ADSV are compared with the asynchronous modulation schemes in [27] , [28] , including information modulated on the time interval of two indistinguishable molecules (TI-ID) and distinguishable molecules (TI-D), with information molecules degraded by background noise and each of them vanishing in the channel environment with probability P d . It can be found that our proposed schemes show better noise-resistance performance with the increase of information molecules released. The reason is that in [27] , [28] , once a molecule degrades in the channel environment, the receiver will not be able to recover information based on the time interval of molecules. However, in our schemes, when N > 2 information molecules are released at the transmitter, although some of them would be degraded in the channel environment, the receiver can recover Fig. 6 . BER versus the degradation probability P d for the proposed ADSV and the asynchronous modulation schemes in [27] , [28] , where T e = 0.16s. Fig. 7 . BER versus the clock offset θ for the synchronous ML detector (SD-ML) and the proposed ADSV, with the background noise being negligible, where the number of released molecules per bit is N = 2, 4, 8, 16 respectively. information based on the sample variance of the surviving molecules' arrival time.
Lastly, we compare the performance of the proposed asynchronous receiver designs with that of the synchronous ML detector in [15] . When the clock at the receiver is perfectly synchronized with the clock at the transmitter, the synchronous ML detector can achieve very good BER performance. However, when there is an offset between these two clocks, the performance of ML detect would deteriorate. Fig. 7 shows the BER performance versus the clock offset θ for the synchronous ML detector and the proposed ADSV, with the background noise being negligible. It can be found that when the clock offset θ exceeds ±T e , the performance of the proposed asynchronous receiver outperforms the synchronous ML detector. The performance of the proposed asynchronous receiver design is not effected by the clock offset because it recovers the information based on the sample variance of molecules' arrival time.
VII. CONCLUSION
In this work, we proposed a novel time-based modulation scheme in time-asynchronous channels for diffusion-based molecular communication systems with drift. When the drift velocity v, the diffusion coefficient D, and the distance between the transmitter and the receiver d satisfy vd D (e.g., in capillaries), the propagation time of information particles approaches to a normal distribution. When the background noise is negligible, the sample variance of information molecules' arrival time follows a noncentral chi-squared distribution; when the background noise is not negligible, the PDF of the sample variance of information molecules' arrival time is the linear weighting of the PDF of noncentral chi-squared distributions, where the weighting factors follows a hypergeometric distribution. According to their conditional PDF, we given the corresponding asynchronous receiver designs based on maximum likelihood criterion, without time synchronization or measuring the clock offset. The numerical results show that the BER performance of the proposed asynchronous scheme is better with the increase of the number of released information molecules per bit. Compared with asynchronous modulation scheme proposed in [27] , [28] where information are encoded in the time interval of released molecules, our proposed asynchronous scheme performs better when the background noise is not negligible. The main contribution of this paper is that a modulation scheme, employing only one type of information molecules, and the corresponding detection algorithm are proposed for molecular communication systems in the time-asynchronous channel with drift when background noise is not negligible. In future work, we will explore extending the asynchronous scheme to the case of channel environment without drift.
APPENDIX THE BEST VALUE OF N 0 AND N 1 FOR THE PROPOSED TIME-BASED BINARY MODULATION SCHEME
In Table II , we utilize numerical methods to obtain the best selection of N 0 (i.e, the number of molecules released at time X = 0 for bit-0) and N 1 (i.e, the number of molecules released at time X = 0 for bit-1) for the proposed time-based binary modulation scheme in the time-asynchronous channel. The value of N 0 and N 1 in the above simulations are all based on this table.
